The nature of effector cells and the potential immunogenicity of Leishmania major excreted/secreted proteins (LmES) were evaluated using peripheral blood mononuclear cells (PBMCs) from healed zoonotic cutaneous leishmaniasis individuals (HZCL) and healthy controls (HC). First, we found that PBMCs from HZCL individuals proliferate and produce high levels of IFN-and granzyme B (GrB), used as a marker of activated cytotoxic T cells, in response to the parasite antigens. IFN-is produced by CD4 + T cells, but unexpectedly GrB is also produced by CD4 + T cells in response to stimulation with LmES, which were found to be as effective as soluble Leishmania antigens to induce proliferation and cytokine production by PBMCs from immune individuals. To address the question of regulatory T cell (Tregs) involvement, the frequency of circulating Tregs was assessed and found to be higher in HZCL individuals compared to that of HC. Furthermore, both CD4 + CD25 + and CD4 + CD25 − T cells, purified from HZCL individuals, produced IFN-and GrB when stimulated with LmES. Additional experiments showed that CD4 + CD25 + CD127 dim/− Tregs were involved in GrB production. Collectively, our data indicate that LmES are immunogenic in humans and emphasize the involvement of CD4 + T cells including activated and regulatory T cells in the immune response against parasite antigens.
Introduction
Cutaneous leishmaniasis is endemic in the tropics and neotropics. It is often referred to as a group of diseases because of the varied spectrum of clinical manifestations, which range from small cutaneous nodules to gross mucosal tissue destruction. Cutaneous leishmaniasis can be caused by several Leishmania spp and is transmitted to humans and animals by sandflies [1] .
Zoonotic cutaneous leishmaniasis (ZCL), a highly prevalent disease in North Africa, sub-Saharan West Africa, Middle East, and Central Asia, is caused by Leishmania major [2] . In humans, previous studies have reported that healing of cutaneous leishmaniasis is generally associated with the development of a cellular immune response against the parasite, as well as a positive leishmanin skin test (LST) reactivity [1, 3] . Moreover, healing is usually correlated with resistance to a subsequent symptomatic infection [4, 5] demonstrating that immunity against leishmaniasis is possible and can be achieved through vaccination. The prevailing view is that Th1 responses are essential for the control of parasite multiplication. Previously, we have demonstrated that parasite-specific cytotoxic immune responses are developed by individuals living in areas of L. major transmission and could play a crucial role in resistance to reinfection [6, 7] . Therefore, it seems that elucidation of the specific effective immunological 2 Mediators of Inflammation mechanisms and the cell populations operating in the resistance against human Leishmania infection is fundamental for vaccine development.
In this setting, we were interested in the excreted/secreted proteins of Leishmania major. Indeed, it has previously been hypothesized that the secreted and surface molecules are mainly important for the establishment of infection, protecting the parasite from the early action of the host immune system and acting as invasive/evasive determinants [8] . In addition, it was reported in animal models that excreted/secreted molecules from other intracellular pathogens, such as Mycobacterium tuberculosis and Toxoplasma gondii, contain highly immunogenic and protective antigens [9] [10] [11] . Furthermore, there is evidence that Leishmania promastigote culture filtrate proteins eliciting a strong protective immunity against the infection in BALB/c mice [12] [13] [14] . Similarly, in dogs, L. infantum excreted/secreted antigens inducing a long lasting and strong immune response against canine visceral leishmaniasis [15] [16] [17] .
In the present study, we aimed at better evaluating the nature of the cellular effectors involved in Leishmania infection by focusing on the cytotoxic immune response induced by the parasite antigens, and at validating LmES as potential target of this immune response.
Materials and Methods

Study Population and Samples.
Peripheral blood samples were obtained from 15 individuals living in Sidi Bouzid Governorate (Central Tunisia); an endemic area of L. major infection. These HZCL individuals had characteristic scars of leishmaniasis on skin examination and/or a positive LST (mean induration > 5 mm) and/or a positive lymphoproliferative response to soluble Leishmania antigens (SLA) ( Table 1) . Thirteen healthy individuals living in Tunis, a nonendemic region for ZCL, were included as healthy controls (HC), (Table 1 ). All subjects provided written informed consent for participation in the study and sample collection and analyses. The protocol was approved by the Institutional Review Board of the Pasteur Institute of Tunis. ∘ C and progressively adapted to RPMI 1640 medium (Sigma, St. Louis, MO) containing 2 mM L-glutamine (Sigma, St. Louis, MO), 100 U/mL penicillin (Sigma, St. Louis, MO), 100 mg/mL streptomycin (Sigma, St. Louis, MO), and 10% heat-inactivated fetal calf serum (FCS) (Invitrogen, Cergy-Pontoise, France). Stationary-phase promastigotes were used for preparation of SLA as previously described [18] . Preparation of LmES was performed as described by Chenik and collaborators [19] . Proteins were analyzed by SDS-PAGE and their concentrations were determined with a Bradford protein assay.
Leishmania major Excreted/Secreted Proteins and
Leishmanin Skin Test.
LST was performed by intradermal injection of 100 L of leishmanin suspension containing 5 × 10 6 L. major promastigotes/mL in 0.5% phenol saline. After 72 h, the induration was measured along 2 diameters by the ballpoint pen technique. Induration with a diameter of 5 mm or more indicated a positive test.
Isolation of Human PBMCs and T Cell Subsets.
PBMCs were separated from heparinized blood samples using FicollPaque (GE Healthcare, Uppsala, Sweden) density gradient centrifugation. In some experiments, CD8
+ or CD4 + T cells were depleted directly from PBMCs according to the manufacturer's recommendations (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany). CD4 + CD25 + T-lymphocytes were purified by a two-step immunomagnetic technique: purification of CD4 + T-lymphocytes using a mAb-cocktail (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany) and positive selection of CD4 + CD25 + T-lymphocytes using anti-CD25 magnetic microbeads.
The isolation of CD4 + CD25 + CD127 dim/− regulatory T cells was also performed in a two-step procedure. First, the non-CD4
+ and CD127 high cells are indirectly magnetically labeled with a cocktail of biotin-conjugated antibodies. In the second step, the CD4 + CD25 + CD127 dim/− regulatory T cells are directly labeled with CD25 MicroBeads and isolated by positive selection from the preenriched CD4 + T cell fraction. The purity of each depleted fraction was assessed by flow cytometry and was above 85% for all samples. 
Antigen-Presenting Cell Preparation and Co-Culture with
Effector Cells. PBMCs were treated with 50 g/mL mitomycin C (Sigma, St. Louis, MO) at 2 × 10 6 cells/mL in RPMI supplemented with 10% FCS for 1 h at 37 ∘ C followed by 3 washes with RPMI 1640 medium. These cells were used as antigen-presenting cells (APCs) and incubated in the presence of LmES (10 g/mL), alone or with CD4
dim/− T cells at different ratio of effector cells/APCs (5/1 to 50/1). The number of APCs was kept constant and the number of effector cells was increasing according to the appropriate ratios. Supernatants were collected after 5 days of culture and stored at −80 ∘ C until use.
GrB and IFN-Detection in Culture
Supernatants. Measurement of GrB was carried out using commercially available Human Granzyme B ELISA set (Mabtech AB, Nacka Strand, Sweden) according to the manufacturer's recommendations. OptEIA set ELISA Set (BD Biosciences, San Jose, CA) was used to detect IFN-. The results were interpolated from a standard curve using recombinant cytokines and expressed in pg/mL.
Flow Cytometry Analyses. PBMCs (2 × 10
6 cells/well) were stimulated in vitro for 16 h in presence of LmES (10 g/mL), or medium alone with Golgistop (BD Biosciences, San Jose, CA) added for the last 6 h of culture. Cells were surface stained (with PerCP-CD3, PE-Cy7-CD4, anti-CD28, anti-CD25, anti-CD57, and anti-CD16 coupled to FITC), fixed, and permeabilized using BD Cytoperm/cytofix plus kit (BD Biosciences, San Jose, CA) according to the manufacturer's recommendations and stained with PE-conjugated anti-human GrB (Fitzgerald Industries Inc., BioLegend, London, UK) and APC-conjugated anti-human IFN-(BD Biosciences, San Jose, CA). A total of 100,000 events were acquired for all samples. Analyses were performed with a FACS Canto flow cytometer using the FACS Diva software (BD Biosciences, San Jose, CA).
ELISpot Assay Specific for GrB and IFN-. The dual
ELISpot assay specific for GrB and IFN-was performed to quantify LmES-specific T cells. In brief, PBMCs or purified CD4
+ and CD8 + T cells were cultured at room temperature for 30 min in the presence or absence of LmES at a final concentration of 10 g/mL. For positive controls, cells were stimulated with 10 g/mL phytohaemagglutinin (Sigma, St. Louis, MO). Cells under stimulation were then transferred in a PVDF-bottomed-well ELISpot plate coated with IFNand GrB capture antibodies (Abcam, Cambridge, MA) and incubated overnight in a humidified 5% CO 2 incubator at 37 ∘ C. The plates were further washed and incubated with anti-FITC HRP and streptavidin-alkaline phosphatase conjugates for 1 h at 37 ∘ C. The plates were then developed, first using AEC buffer and then BCIP/NBT buffer. Spots were analyzed using CTL ImmunoSpot reader (CTL Analyzers, Shaker Hights, OH). Data were expressed as the mean spotforming units (SFU) per 10 6 cells calculated after subtracting spots of the negative controls.
Statistical Analyses.
Mann-Whitney test was used for comparison of lymphoproliferative response and induction of GrB and IFN-between the different study groups. Correlation between GrB and IFN-levels was estimated using Spearman's rank order correlation coefficient. Statistical analyses were performed using SPSS 10.0 statistical program (IBM, Armork, NY). Statistical significance was assigned to a value of < 0.05.
Results
A Strong Correlation Is Observed Between IFN-and GrB Production in Response to Leishmania Antigens.
The effect of Leishmania proteins on IFN-and GrB production by immune cells was studied in 15 HZCL individuals in whom PBMCs proliferate when stimulated with Leishmania antigens (LmES and SLA) and 6 HC who do not show any PBMC cell proliferation (Figure 1(a) ). Leishmania antigens induced significantly high levels of IFN-and GrB in culture supernatants of PBMCs from HZCL individuals compared to those of HC ( < 0.001 and = 0.009, resp.), (Figures  1(b) and 1(c) ). Interestingly, a highly significant correlation was found between the levels of GrB and IFN-produced by Leishmania antigen-stimulated PBMCs (Spearman's rank correlation coefficient; = 0.816, < 0.0001), (data not shown).
GrB Induced by Leishmania Antigens Are Unexpectedly Produced by CD4
+ T Cells. In an attempt to better define the features of the cellular population activated by Leishmania antigens and more specifically, to determine the effector cells producing IFN-and GrB, cell depletion experiments were done using PBMCs obtained from four representative HZCL individuals and five donors from the HC group. We first demonstrated that only CD8-depleted PBMCs (-CD8) from HZCL individuals proliferate in response to Leishmania antigens (Figure 2(a) ). Accordingly, no significant proliferation of CD4-depleted PBMCs (-CD4) was observed in response to stimulation with such antigens. In addition, only total PBMCs or (-CD8) from HZCL individuals produced high levels of IFN-and GrB in response to Leishmania antigen stimulation (Figures 2(b) and 2(c) ). In contrast, for the (-CD4), GrB and IFN-were detected at low levels and no significant differences were observed between unstimulated and stimulated conditions ( > 0.05). Altogether, our results suggest that in response to Leishmania antigens, the main effector cells were CD4 + T cells in term of cell proliferation and IFN-and GrB production. 
IFN-and GrB
CD4 + CD25 + and CD4 + CD25 − T Cells Produce IFNand GrB in Response to LmES. Considering the fact that CD4
+ CD25 + Treg cells might have cytolytic effects on target T cells, as well as on APCs through the secretion of GrB and perforin [20] , we attempted to track their involvement in the production of GrB induced by Leishmania antigen stimulation. Therefore, the CD4 + CD25 + and CD4 + CD25 − T cells from 4 HZCL individuals and 3 HC were immunomagnetically purified and cultured with autologous PBMCs treated with mitomycin C (APCs) at different ratios in presence of LmES, then GrB and IFN-production was evaluated. As shown in Figure 5 , both CD4 + CD25 + and CD4 + CD25 − T subsets from immune individuals produced IFN-and GrB after LmES stimulation. IFN-and GrB levels were enhanced in parallel to the increase of effector cell/APC ratio and reached the highest levels at the ratio of 50/1. At this ratio, IFN-generated by both T cell populations from HZCL individuals was significantly higher than in HC subjects ( = 0.028 and = 0.024 for CD4 + CD25 + and CD4 + CD25 − T cells, resp.). Likewise, significant differences were obtained for GrB levels when comparing HZCL individuals to HC dim/− peripheral regulatory T cells in all tested conditions (data not shown). In contrast, GrB was detected in Treg cell culture supernatants, yet with low levels comparing to the previous experiment, and a significant difference was found between unstimulated and stimulated conditions at the ratio of 50/1 ( = 0.024) (Figure 6 ).
Taken together, our data suggest that stimulation by Leishmania antigens activates a CD4 + CD25 + regulatory T cell population that produces GrB.
Discussion
The rationale for Leishmania vaccine development is provided by the evidence that most individuals that had leishmaniasis or symptomless infection are resistant to subsequent symptomatic infections. However, no effective vaccine for human use is currently available. This is mostly due to the difficulties in defining the immunopathological and protective mechanisms in Leishmania infections, the nature of effector cells involved in the resistance, and the parasite antigens targeted by this immune response. In the present study, we aimed at investigating the potential existence of cytotoxic immune response through GrB production against Leishmania antigens ex vivo, using cells from individuals with a confirmed previous contact with the parasite.
In addition to Leishmania soluble antigens, we have chosen to use Leishmania excreted/secreted antigens as previous reports have shown that such proteins, released by the parasite in the phagolysosomal compartment, may constitute interesting targets for the host cellular Th1 and cytotoxic immune responses and have been shown to be strongly immunogenic and protective in mice and dogs [12] [13] [14] [15] [16] [17] . In humans, few reports have described the cellular immunity against Leishmania excreted/secreted proteins [14] .
Herein, we report two important findings. The first is that Leishmania excreted/secreted antigens are able to induce a similar cellular immune response to that induced by SLA, in terms of intensity of proliferation and cytokine production. Indeed, as these antigens are released into the host cell phagosomes, they might be processed to generate both MHC class II and class I binding peptides and be presented to effector cells. Our results showed evidence of immunogenicity of these proteins in humans, corroborating the previously published data in different experimental models [12] [13] [14] [15] [16] [17] , and suggest that they are target of a cellular immune response.
Our second finding is that GrB is significantly and specifically produced in response to Leishmania antigens in immune individuals. However, unexpectedly, the main source of GrB seems to be CD4 + T cells and not CD8 + T cells as usually described. In fact, depletion experiments showed that CD4 + are as expected the main source of IFN-, but they also produce high levels of GrB in response to Leishmania antigens. Interestingly, IFN-and GrB production in culture supernatants of stimulated cells from such individuals showed a strong positive correlation ( = 0.8), though the absence of double positive IFN-+ GrB + cells in ELISpot and flow cytometry analyses showed that GrB and IFN-are produced by different CD4 + T cell subsets. Flow cytometry analyses also showed high percentages of CD8
+ T and CD57 + T cells (NKT cells) positive for GrB in HZCL individuals compared with those of HC, but it appears that this increase in percentages is independent of the antigen stimulation and no difference was observed between LmES-stimulated and -unstimulated PBMCs. Nevertheless, the percentage of CD4 + GrB + T cells is significantly increased specifically in response to our antigens and these percentages are higher in HZCL individuals compared to those of HC.
To better define these effector cells and check whether regulatory T cells are the source of GrB, additional analyses were performed on CD4 + T cells. In fact, studies using mice and human cells suggest that a subset of CD4 + CD25 + T cells can have cytolytic activity. CD4 + CD25 + T cells isolated from human subjects have been shown to express perforin and GrB and exhibit cytotoxicity against a variety of autologous target cells including CD4 + and CD8 + T cells, CD14 + monocytes, and dendritic cells [21] . Our results showed that purified CD4 + CD25 + and CD4 + CD25 − T cell subsets were both able to produce GrB and IFN-at high levels in HZCL individuals compared to HC. Leishmania antigens, suggesting a potential role of a cytotoxic pathway in Treg cell immune regulation in leishmaniasis. Further experiments are in progress to confirm such hypothesis.
Besides their cytotoxic activity, Treg cells have been reported to use several mechanisms to suppress the activation and proliferation of conventional T cells [22] . They can modulate the functions of APCs or proceed through the secretion of inhibitory cytokines, such as TGF-, IL-10, and IL-35 [22] . These mechanisms have not been addressed in the present study. In human cutaneous leishmaniasis, there is a strong correlation between activation of different T cell subsets and disease outcome. The Th1 response is characterized by secretion of proinflammatory cytokines, while Th2 response is associated with anti-inflammatory cytokines, such as IL-10 and TGF-, which promote macrophage inactivation and prevent excessive production of protective cytokines [1] . The role of regulatory T cells in cutaneous leishmaniasis has only recently been investigated. Several groups have shown that during L. major infection, CD4 + CD25 + Treg cells accumulate at the primary infection site in both humans and mice where they suppress parasite elimination by CD4 + CD25 − effector cells and mediate chronicity, and their depletion leads to parasite clearance [23] [24] [25] . The balance between Th1, Th2, Treg, and other effector cells will determine the disease outcome.
In the present study, while we expected a classical cytotoxic immune response where the main effectors are CD8 + T cells, our results surprisingly showed that CD4 + T cell populations, including Treg cells, are rather the ones involved in the immune response against Leishmania antigens. These CD4 + T cells are different from the IFN--producing Th1 cells.
Cytotoxic CD4 + T cells have been described in several studies and have been implicated in the control of a variety of persistent viral infections, such as EBV, HCV, and HIV-1 infections [26] . Analyses of cytotoxic CD4 + T cells indicate that they have lytic granules containing cytotoxic factors, such as granzymes and perforin, and are characterized by a loss of CD28 surface expression [26] . The involvement of such CD28 − cytotoxic T lymphocytes in Leishmania infection is currently under investigation in our laboratory.
Conclusion
Our study provides new insights and strong evidence regarding the involvement of CD4 + T cells producing GrB in the immune response against Leishmania antigens. This cell population deserves further consideration during Leishmania infection to figure out whether they are actually involved in the promotion of or protection against leishmaniasis development. 
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